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Changing gears in the course of glomerulonephritis by shifting the inflammatory cell recruitment is stopped, mediators
superoxide to nitric oxide-dominated chemistry. The glomeru- that dampen immune cell activation are formed, and
lar response to injury displays astonishingly uniform features ultimately inflammation subsides. The orchestration ofthat include infiltration with professional immune cells, activa-
this complex, temporally and spatially dynamic processtion and proliferation of resident glomerular cells and matrix
is essential for a sophisticated orderly process of repair,expansion. Cross-communication of intrinsic mesangial cells
with invading immune cells is crucial for the fate of glomerular the ideal outcome of inflammation. However, in many
injury: progression to glomerulosclerosis or resolution and re- diseases the consequences of inflammation persist with
pair. The formation of free radicals, particularly of nitric oxide
structural and functional alterations of tissues that mayand superoxide, are key events that initiate redox-based signal
lead to progression and scarring [1–3].transduction and gene expression. The balance between these
radicals constitutes redox-operated genetic switches that en- Endogenous free radicals are thought to play decisive
sure self-limited inflammatory responses to tissue injury. The roles in renal diseases [3–6]. They are generated as acci-
aberrant production of the mediators, however, may sustain dental by-products of aerobic energy metabolism, as cy-
matrix accumulation and result in irreversible alteration of
totoxic defense mechanism of immune cells and throughglomerular structure and function.
the action of environmental compounds. The key radical
species are nitric oxide (NO), superoxide (O2 ), and hydro-
gen peroxide (H2O2). These reactive molecules can causeLiving cells are often exposed to dramatic changes in
damage in most cellular macromolecules, DNA, proteinsenvironmental conditions and adapt to these changes by
and lipids, and can be cytotoxic and mutagenic [7].expression of inducible enzyme systems and mediators
Directly operating antioxidants limit the damaging ac-that provide an appropriate response to the environmen-
tion of these radicals and on a more long-term scale,tal signals. However, the physiological systems activated
the up-regulation of protective antioxidant genes is anby stress signals cannot only protect but also may damage
important response to oxidative stress [8].cells. Obviously, regulation of these seemingly contradic-
tory functions must operate on multiple pathways to
ensure an adequate homeostasis. Inflammation is an ex- NITRIC OXIDE AND SIGNALING
ample that paradigmatically highlights this delicate bal-
Nitric oxide (NO) is a ubiquitous signaling molecule
ance between local offensive and defensive factors that
that freely diffuses through cell membranes to reach
finally determine the outcome of the disease process:
its targets at different intracellular locations [9]. Underprogression or resolution [1]. The inflammatory response
physiological conditions cells produce only small amountsis a complex and tightly regulated sequence of events
of NO by the constitutive neuronal and endothelial NOthat starts with an initial production of pro-inflammatory
synthase (NOS) isoforms, and only trace amounts ofmediators that recruit professional inflammatory cells to
reactive oxygen species (ROS) are available to scavengeclear the offending trigger. This is followed by an anti-
NO, indicating that direct NO chemistry will dictate func-inflammatory phase in which resident cells, located mainly
tional cell responses [10]. Physiologically the most rele-in the mesangial cells of the renal glomerulus, may ac-
vant action of NO is the activation of the soluble guanyl-quire the potential for protecting themselves from fur-
ate cyclase by binding to the enzyme’s heme moiety,ther activation and injury [2]. The consequences are that
which is clearly recognized [9]. In a similar way the func-
tion of nitrosyl complexes affects other metalloproteins
such as cytochrome c oxidase (complex IV in the respira-Key words: redox signaling, gene expression, signal transduction, in-
ducible nitric oxide synthase, NADPH oxidase, superoxide dismutase. tory chain), cytochrome P450, catalase, cyclooxygenases
and NOS itself [10, 11]. Moreover, NO can scavenge 2002 by the International Society of Nephrology
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superoxide (O2 ) and other free radicals, and it also inhib-
its the O2 -driven Fenton reaction and lipid peroxidation.
By contrast, large amounts of NO, such as that generated
by the inducible NOS isoform (iNOS) in an inflammatory
setting, is often accompanied by a large production of
ROS, which will shift the NO chemistry toward indirect
effects such as nitrosation, nitration, and oxidation [8,
10, 12]. The interaction of NO with molecular oxygen
(O2) or superoxide (O2 ) gives rise to the formation of
the potent nitrosating agent N2O3 and peroxynitrite
(ONOO), respectively. In addition, S-nitrosothiol ad-
ducts are formed by the interaction between N2O3 and
certain protein thiol groups; they evoke signaling by al-
tering protein kinases and phosphatases, G-proteins, ion
channels, protein tyrosine kinases, and redox-sensitive
transcription factors such as nuclear factor-B (NF-B),
Fig. 1. The two faces of nitric oxide (NO) and reactive oxygen speciesactivator protein-1 (AP-1) or CAAT/enhancer binding (ROS) action. For both radical species high concentrations will consti-
protein (C/EBP) [8, 13]. The early and rapid mechanisms tute cell defense mechanisms and toxicity, whereas low concentration
trigger signaling pathways.of NO signaling depend primarily on post-translational
modifications of cellular proteins. By contrast, the late
phases of NO signaling that are required to accommo-
date changes in the microenvironment are based on
exceeds the cellular capacity to cope with them, oxidativechanges in gene expression. This adaptive long-term reg-
stress results. This has been suggested to play a causativeulation occurs primarily on the level of transcription
role in many diseases, including ischemia/reperfusion in-and is controlled by transcription factors [8, 12–14]. The
jury, atherosclerosis, arthritis, neurodegeneration and can-regulation of an increasing number of genes has been
cer [7, 24]. Concerning the source, ROS are generatedshown to be controlled by NO, as recently reviewed
most prominently by xanthine oxidase, cyclooxygenases,[8, 13]. The changes associated with the exposure of cells
lipoxygenases, cytochrome P450 oxidases, NOS and nico-to exogenous NO or endogenously produced NO lead to
tinamide adenine dinucleotide phosphate (NADPH)-oxi-the activation or silencing of genes and subsequently to the
dase. Currently, attention is focused on novel NADPH-up- or down-regulation of the respective mRNA species
oxidase isoforms expressed in non-phagocytic cells asencoding a heterogenous panel of protective antioxidant
critical determinants of the redox state of cells and tissuesdefense enzymes such as copper/zinc superoxide dismu-
[26]. Suh et al were the first to clone the superoxide-gen-tase (Cu/ZnSOD) [15, 16] or heme oxygenase [17], matrix
erating oxidase Mox 1 (now renamed Nox1, for NADPHand matrix-metabolizing enzymes such as SPARC (se-
oxidase 1), which is homologous to the gp91phox cata-creted protein acidic and rich in cysteine) [18] or matrix
lytic subunit of the respiratory burst oxidase present inmetalloproteinase 9 (MMP-9) [19, 20], proinflammatory
phagocytes (now designated Nox2) [27]. Nox1 is highlymediators such as the chemokines interleukin-8 (IL-8)
expressed in colon and to a lesser extent in prostate, ute-[21] or macrophage inflammatory protein-2 (MIP-2) [22],
rus and vascular smooth muscle cells. An alternativelyand signaling devices such as integrin-linked kinase [23].
spliced variant of the Nox1 transcript encodes a short iso-
form, which apparently functions as a voltage-gated pro-
OXYGEN RADICALS AND SIGNALING ton channel [28]. A phagocyte-type oxidase has been pos-
tulated to operate in the kidney as an oxygen sensor thatReactive oxygen species, most notably O2 and H2O2
regulates erythropoietin production [29] and a kidney-are constantly formed in aerobic organisms during nor-
specific NADPH-oxidase or Renox (now renamed Nox4)mal metabolism. In analogy to nitric oxide, high amounts of
has been recently cloned and characterized [30, 31]. Be-ROS produced by professional immune effector cells con-
sides serving as an oxygen sensor and regulator of cellstitute important facets of defense mechanisms, whereas
growth in the kidney, Nox4 also may have a role in thelower amounts generated by other cell types, including
course of inflammatory kidney diseases.mesangial cells, vascular smooth muscle cells, chondro-
The targets of ROS action have been poorly character-cytes and fibroblasts, serve as intracellular second mes-
ized and may comprise members of the classical mito-sengers as depicted in Figure 1 [24, 25]. ROS signaling
gen-activated protein kinase cascade as well as the c-Junhas been implicated in fundamental cell responses such
N-terminal kinase pathway. Moreover, tyrosine phos-as proliferation, apoptosis, growth factor signaling and oxy-
gen sensing. When the concentration of ROS produced phatases and the small guanine 5-triphosphate (GTP)-
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Table 1. Effects of nitric oxide (NO) and reactive oxygen speciesbinding proteins Ras and Rac1 are targeted by ROS in
(ROS) on their generating and decomposing enzymatic pathways
a redox-dependent manner [24]. An important response
Enzyme Effect of NO Effect of ROS Referenceto oxidative stress is the up-regulation of protective anti-
iNOS ↑ ↑ [34, 35, 42–44]oxidant genes, and the silencing of other genes and ROS
NADPH-oxidase ↓ ND [45, 46]have been reported to directly alter the activity of tran-
Xanthine oxidase ↓ ND [48]
scription factors including NF-B, AP-1, AP-2 and hyp- Cu/ZnSOD ↑ ND [15, 16]
ecSOD ↑ ND [50]oxia inducible factor (HIF-1) [23, 24]. In this manner
cells restore their antioxidant defenses and return to a ND is not determined. Abbreviations are: iNOS, inducible nitric oxide syn-
thase; NADPH, nicotinamide adenine dinucleotide phosphate; Cu/ZnSOD, cyto-state of redox balance. The regulation of a large number
solic copper/zinc-containing isoform of superoxide dismutase (SOD); ecSOD,
of genes has been reported to be controlled by ROS extracellular isotype SOD.
[25, 32], and a marked overlap between the signaling
pathways and genes targeted by ROS and NO recently
has been noted [8]. subtle change in the O2 /NO ratio resulting in quite dra-
matic changes in enzyme expression. This also may ex-
plain the vast number of reports on apparently paradoxi-RADICAL COMMUNICATIONS: SPATIAL AND
cal biological effects of NO. Perturbations of the cellularTEMPORAL SWITCHES THAT SHIFT GEARS
redox balance, especially in the endogenous thioredoxinIN INFLAMMATORY GENE EXPRESSION
and glutathione systems, seem to be of central importanceGeneration of radicals is exquisitely regulated both in
in the redirection of gene expression by NO and ROStime and space, which may explain, at least partially, the
signaling [8, 25]. It is likely that some of the apparentability of NO and ROS to act as both pro- and anti-
complexity in interpreting the multiple roles of NO andinflammatory mediators. Whereas most physiological sit-
ROS in in vitro and in vivo situations may reflect timinguations are characterized by low output of NO and only
differences in the generation of both types of radicals.trace amounts of ROS available to scavenge NO, the
Whereas O2 generating enzymes are constitutively ex-activation of soluble guanylate cyclase and the subse-
pressed in cells and tissues including mesangial cells and
quent production of cGMP as the principal signaling start to produce ROS with a minimal delay of a few
messenger will dominate. A wealth of evidence for alter- minutes [36], expression of iNOS requires a few hours be-
native signaling cascades exists in which concentrations fore significant production of NO occurs [37–39]. More-
of NO are moderate to high. These signals operate in part over, another important aspect to consider is the remark-
through the redox-sensitive regulation of transcription ably different range of diffusion and therefore action of
factors [8, 12–14] and gene expression [8, 13], and on a NO and O2 . The half-life of NO is one second in themore long-term basis alter the capacity of a cell to deal blood-free perfused pig heart [40], and the estimated dif-
with stress conditions. Cross-communication with other fusion distance of NO is then 100 m in blood-free,
pro-oxidant or anti-oxidant mediators will critically in- isolated perfused heart. Assuming superoxide dismutase
fluence the fate of a cell under pathological conditions is about 10 mol/L, O2 could diffuse for approximately
when iNOS is expressed. Once primed and activated by 0.4 m in one half-life [41]. A dynamic temporal organi-
inflammatory cytokines such as interleukin-1 (IL-1) zation of the NO and O2 signals and the ability of a cell
and tumor necrosis factor- (TNF) most cells, including to spatially resolve both signals may foster our under-
renal mesangial cells, co-produce NO and O2 or more standing of what has been reported as controversial ac-
generally speaking ROS. The interaction of NO and tions of NO and ROS. The microenvironment of a cell,
O2 is thought to be highly relevant to the regulation of particularly the concentration and duration of NO and
gene expression [8, 13]. The free radicals NO and O2 O2 formation (predominantly NO, balanced NO/O2 , or
react with each other at a rate close to that simply limited predominantly O2 ), the setting of a redox threshold that
by diffusion and out-compete most other targets of the allows a cell to cope with an imbalanced ratio of NO/
radicals present in a cell. It is worth noting that the ratio O2 (glutathione and thioredoxin systems), and the ability
between NO and O2 generation determines whether of cells to propagate the NO- and O2 -triggered signals
mesangial cells live or die by apoptosis or necrosis [33]. across different time scales will allow appropriate gene
As reported recently, quite a number of NO-regulated expression and the subsequent cell responses. Most im-
genes are also targeted by ROS [8, 13]. Whereas certain portantly, NO and O2 also have an impact on the expres-
genes are regulated in a coordinated manner by NO and sion of enzymes that either generate or metabolize both
O2 [34, 35], others are affected in a contrasting manner types of radicals. This in turn may dramatically alter
[19, 20]. The simultaneous generation of NO and O2 by the availability of NO and ROS, and, considering the
many cells exposed to an inflammatory environment and fundamental role of the ratio of NO/O2 , this also may
the opposite effects of both radicals on certain genes shift gears in inflammatory gene expression.
Table 1 summarizes the known effects of NO andmay provide a genetic switch-like mechanism, with a
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ROS on their generating and decomposing enzymatic
pathways. Indeed, one of the first genes identified as a
target for transcriptional regulation by NO was iNOS
[34], suggesting that NO modulates its own biosynthetic
machinery. Inhibition of NO synthesis clearly reduced
IL-1-stimulated iNOS expression, suggesting that NO
functions in a positive feedback loop that speeds up
and strengthens its own biosynthesis [34]. This potent
amplification mechanism may form the basis for the ex-
cessive formation of NO in acute and chronic inflamma-
tory diseases and its in vivo relevance has been reported
[42, 43]. Moreover, O2 also potentiates iNOS expression Fig. 2. Time course of NO and ROS production in the course of glo-
merulonephritis. See text for a more detailed explanation and discus-and will further amplify the generation of NO [35]. Again,
sion.the in vivo relevance of ROS-dependent iNOS expres-
sion has been documented in Thy1 glomerulonephritis
[39, 44]. In contrast, NO has been shown to function as
an inhibitor of neutrophil O2 production via direct action tion. SOD thus generates another intracellular signaling
on the NADPH-oxidase [45, 46] and NO released by molecule, H2O2, which has been shown to control generesident cells protects the cells from leukocyte-evoked expression on its own [25, 32]. The intracellular glutathi-
cytotoxicity [47]. It is tempting to speculate that NO also one redox system can easily buffer the steady-state con-
may affect expression of the intracellular O2 generating centrations of H2O2 formed under physiological condi-NADPH-oxidase isoforms such as Nox1 and Nox4 in tions. However, when SOD levels are increased the
mesangial cells and thus shift the NO/O2 balance to a glutathione-buffering capacity may become exhausted
clearly dominating NO generation. This shift may be
by the H2O2 formed and changes in gene expression mayeven more pronounced by the inhibition of xanthine
occur, as recently reported for MMP-1, MMP-2, MMP-3oxidase by NO and peroxynitrite, which will further limit
and MMP-7 expression [55]. By increasing the cellularoxygen free radical generation [48].
levels of either reduced glutathione or the H2O2-decom-The bioactivity of O2 reflects its rates of production posing enzyme catalase, renal mesangial cells are pro-by NADPH-oxidases, xanthine oxidase or other pathways
tected from H2O2-induced cytotoxicity [56]. Another as-and of inactivation by superoxide dismutases (SODs).
pect that needs mentioning is the fact that H2O2, inThree isoenzymes of SOD have been identified; a mito-
contrast to O2 , is highly permeable and can easily passchondrial manganese-containing isoform (MnSOD), a
cell membranes, which provides H2O2 with a far reachingcytosolic copper/zinc-containing isoform (Cu/ZnSOD),
scale of action.and an extracellular isotype (ecSOD) that also contains
To summarize, considering the impact of NO andcopper and zinc [49]. Frank et al first identified Cu/
O2 on iNOS, NADPH-oxidase, xanthine oxidase, Cu/ZnSOD as a novel NO-regulated gene in renal mesangial
ZnSOD and ecSOD expression, it is quite obvious thatcells and in kidneys of endotoxemic rats [15], as well
in the course of an inflammatory disease that starts withas in the human keratinocyte cell line HaCaT [16]. In
a co-production of NO by the constitutive NOS iso-contrast, the expression of MnSOD is not stimulated by
enzymes and O2 by diverse sources, there will be a tem-NO [15]. The authors proposed that up-regulation of Cu/
poral shift toward predominant NO effects by amplifiedZnSOD by endogenous NO may serve as an adaptive,
expression of iNOS and decreased formation of O2 com-protective mechanism to prevent formation of toxic
bined with augmented decomposition of O2- by SOD asquantities of peroxynitrite in conditions associated with
depicted in Figure 2. Powerful negatively-acting regula-iNOS induction. More recently, ecSOD expression also
tory pathways are required to finally terminate the NOwas shown to be controlled by NO and treadmill exercise
production. Moncada and coworkers reported that NOtraining increased endothelial NOS expression with sub-
generators markedly inhibit macrophage iNOS activitysequent NO-dependent up-regulation of ecSOD [50].
in vitro in an irreversible fashion [57]. However, a highThus, regulation of Cu/ZnSOD and ecSOD expression
concentration of NO donors was required to get signifi-by NO may serve as additional mechanisms whereby NO
cant inhibition of the enzyme. Incubation of cytosolicsustains its own biological action by reducing O2 avail-
fraction of IL-1–stimulated mesangial cells with SNAPability. By scavenging O2 , ecSOD may protect NO out-
gave a dose-dependent inhibition of iNOS activity asside the cell, whereas Cu/ZnSOD may tailor the impor-
measured by the citrulline assay. Significant reductiontant intracellular signaling functions of NO and ROS
of iNOS activity required concentrations of SNAP as[51–54]. The different SOD isoforms catalyze the diffu-
sion-limited removal of O2 to H2O2 at its site of produc- high as 500 mol/L. These data show that NO donors
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not only potentiate the effects of IL-1–induced activity larly of NO and ROS, operates by using genetic switch
of the enzyme; thus, NO may provide an additional level mechanisms to alter expression of proinflammatory and
of modulation with an effect on the amount of the en- protective genes. These processes are exquisitely regu-
zyme combined with the opposite effect on its activity lated in space as well as in time. Consideration of timing,
[34]. In an alternative scenario, NO-triggered amplifi- location and rates of synthesis of NO and ROS may
cation of iNOS expression is suppressed simply because help optimize the time of therapeutic intervention with
of substrate depletion. The remarkably high turnover of exogenous NO donors or iNOS inhibitors, and meaning-
l-arginine may reduce extracellular l-arginine concen- ful new therapeutic approaches may emerge from this
tration to an extent that it becomes rate limiting for exciting field of investigation.
iNOS activity, thus providing a stop signal for further
iNOS expression. In this context it is worth noting that ACKNOWLEDGMENTS
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